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ABSTRACT Six relaxed subjects were exposed on a centrifuge to
increasing G pulses in order to determine their G tolerance. G
"protection was provided by supination and/or inflation of anti-G
suit (AGS) bladders using a newly developed rapid response, servo
controlled anti-G (SCAG) valve. Supination, alone or with the

4 AGS, was most effective in increasing G tolerance. Increases in
SCAG valve outlet pressure were directly related to increases in G
tolerance. Neither of two modes of SCAG valve operation caused
any significant difference in G tolerance nor in assessment-of AGS
comfort. When -protected by supination and the AGS, sufficiently
increasing G onset times reduced G tolerance. Adverse comments
and low ratings for AGS comfort followed exposure to most G pulses
when the subjects were protected by high levels of AGS bladder
pressure.
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INTRODUCTION The occasional, unexplained loss of a high-
performance aircraft has given rise to speculation about the role
played by G-induced loss of consciousness. This speculation is
not without merit, considering that modern fighters are capable of
exposing pilots to significant G loads at rates which far exceed
those of even the recent past. While thrust-to-weight ratios of
high-performance aircraft have increased appreciably over the past
couple of decades, improvements in hardware systems for protecting
the pilot against adverse G effects are only now being
implemented. In fact, present day G-protective equipment used in
military aircraft is not much different from that developed during

* World War II.
The most effective method of providing G protection has •been

shown to be supination of the pilot's body, so that Gz loads are
7• transformed into Gx loads which are better tolerated.

Unfortunately, implementation of this technique has met with
considerable resistance because of the drastic changes in cockpit
configuration which would be required, including modification and
relocation of displays and controls and replacement of the present
ejection seat. Partial supination, however, may be more easily
achieved, and it is likely that future high-performance aircraft
will incorporate design changes necessary for this to be
accomplished. Another way to improve G tolerance lies in the
improvement of the anti-G valve (AGV). Serious efforts are now

*. underway to modify the standard AGV in order to reduce the lag
between G load and inflation of the anti-G suit (AGS) bladders.
In addition, new AGVs have been designed which are much more
responsive to G load, and can be made to respond to other inputs4- from the flight environment, so that anticipatory actions can be
taken to provide more effective G protection. One such valve is
the servo-controlled anti-G (SCAG) valve, a prototype model of
which was used in the present study.

There is presently little information available on AGV outlet
pressures which applies to any body position other than upright.
The purpose for conducting this study was to obtain data on SCAG
valve outlet pressure in the supinated and upright body positions,
using G tolerance and AGS comfort as dependent variables. In
addition, the effects of mode of SCAG valve operation and
acceleration onset time were included in the experimental design.

METHOD

SubJects Before initiating-the experimental portions of this
study, a group of potential subjects who had been examined by a
flight surgeop and found to be physically qualified were informed
about the purpose of the study and the possible hazards involved.
The protocol and safety procedures to be followed were formally
reviewed and approved by the Naval Air Development Center (NADC)
Committee for the Protection of Human Subjects. The informed,
written consent of the six individuals who volunteered to
participate as subjects was then obtained. Some of the physical
characteristics of these subjects are listed in Table 1. All of
the subjects were naval enlisted personnel and were familiar with
the equipment to be used and the procedures to be followed.

4~5'
I i1iii iIliI-l-m i |~f
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Table 1. Subject Characteristics

Sitting Shoulder
Subject Sex Age Height Weight Height Height

(yr) (cm) (kg) (cm) (cm)

1 m 28 172.7 73.6 90.9 61.0*

2 M 19 182.9 84.1 94.5 63.8

3 F 21 167.6 59.1 88.1 57.6

4 14 23 190.5 93.2 98.3 69.2

5 14 23 175.3 75.0 90.9 62.8

6 14 25 172.7 68.1 90.2 59.6

*Estimated-
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Subject Prep~aration and Body Position Prior to entering the
ooý gondola of the NADC human centifuge, (Figure 1), ECG electrodes

were attached to the subject's torso, a remotely operated blood
pressure cuff containing ai-microphone was placed on his upper arm,
and a Doppler transceiver was fixed to the skin of his forehead
overlying a branch of the temporal artery. The subject wore shoes
and socks, underwear, a flight suit, and a carefully fitted CSU-
15/P AGS. After entering the gondola, the subject was restrained
by a torso harness in the Pelvis and Leg Elevating (PALE) seat and
the NADC curved light bar was positioned to encircle his head, as
shown in Figure 2. The PALE seat is articulated so that its
supporting parts can be positioned from a full upright
configuration, similar to that, of a standard aircraft ejection
seat, to a fully reclined configuration on which the subject's
body is completely supinated. These changes in body position are

° ' accomplished without changing the subject's eye position with
respect to his surrounding environment (Figure 3). In this study,
the PALE seat was adjusted' so that the seat back assumed either a
15 degree seat back angle (referred to as "upright")' or a 60
degree seat back angle (referred to as "supine").
G Tolerance Limit The NADC curved light bar shown in Figure 2 is
operated by the subject and provides a continuous measurement of

* his -peripheral v."'ion in the plane of the bar. During use, the
subject fixates oi, a central white light mounted on the bar
directly in front of the bridge of his nose. By exerting force on
a two-axis, side arm controller with his right hand, he controls
the lighting of any single pair of the 60 pairs of red lightI emitting diodes (LEDs) installed along the bar' at 1.5 degree
intervals. The subject is instructed to maintain a pair of
lighted LEDs located at the outermost limits of his peripheral
visual field at a subjectively determined level of constant
brightness. As his visual field constricts during G, he
proportionately reduces his pull on the side arm control handle.
This allow's more anteriorly located pairs of LEDs to light on each
side of the central light, thereby progressively reducing the
angle subtended by the lighted pairs of LEDs. If he fails at any
time to exert pull on the control handle, the pairs of illuminated
LEDs automatically converge toward the central white light at the
rate of 60 degrees per second. For this study, a cut-off of 60
degrees on the light bar (i.e., 30 degrees on each side of the
central light) was established as the visual angle which
automatically stopped the centrifuge arm. The G plateau level at
which this occurred was used, as will be described, in determining
the subject's G tolerance limit. (The phrase "G tolerance limit"
is usually shortened to "G tolerance" in this report). Thus, in

Sthe event that the subject failed to pull on the control handle
during G, when the most peripherally located pair of LEDs were

° • lit, one second' would elapse'before the centrifuge arm would be
placed in its automatic stop mode. The subjects were trained to
operate the light bar control in both the upright and supine body
positions.
SCAG Valve The bladders of the AGS were inflated with air, and
'ditea, by mfea'ns of recently develop'ed SCAG valve. This valve
is servo-controlled 'and depends for its action upon the ampl-ified
voltage difference between the output of an accelerometer, which

!I a 4..
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Figure 2. NADC curved light bar used to determine G-tolerance
by peripheral light loss.

~ I 9



1iNADC-84021-60

PELVIS & LEGS ELEVATING (PALE) SEAT
• I

600

n -t

01

, \
k \

* l I i Figure 3, Diagram of" change in body position using the PALE seat.

-- " -- •10

.*77III7-7--*-- -" .. - . 7. 7 1 2... +



_NADC-84021-60

senses G, and a pressure transducer, which senses the pressure
inflating the AGS bladders. Amplifier gain is adjusted to
maintain maximum loop stability and minimum pressure lag. A more
complete description of the SCAG valve and its- performance has
been reported (4). For this study, two modes of SCAG valve
operation were used (Figure 4). In mode I, feedback derived from
AGS inlet hose pressure controlled valve output, so that valve
outlet pressure was practically concurrent with, and directly

S- proportional to, G loading. In mode B, the initial phase of valve
outlet pressure was enhanced (simulating feedback from a pressure
sensor located in the abdominal bladder of the AGS), so that valve

* outlet pressure transiently overshot the level which would have
been provided if the valve were acting in the I mode. The net
effect of this enhancement was to decrease the lag, by several
hundred millisecon•s, between the start of G onset and the
beginning of abdominal bladder pressurization.
AGV Outlet Pressure The AGV outlet pressure versus G schedule

-= ut-lized was based upon results obtained from an earlier series of
tests in which the SCAG valve was used (4). In the earlier tests,
Gtolerance was determined from recordings of temporal artery mean
blood flow velocity, measured with a Doppler tranceiver in a
manner similar to that already described in this report. The AGV
schedule developed was based upon the following equations:

• P - 1.5 (G -1) Cos (0- i5) (1)

where P is the AGV outlet pressure in psig and equals 0 when
G 4 1.5, G is the resultant (1 (see Appendix A), and e is the
seat back angle in degrees. When e - 15, equation (1) reduces to:

P - 1.5 (G - I) (2)

Equation (2) is the middle curve shown in the left portion of
Figure 5, and 1.50 psig/G was used in the present study as the
"middle* level pressure gradient for the upright body position.
Two other gradients, one 25 percent greater than, and the other 25
percent less than the middle level, were also evaluated. The two
curves incorporating these gradients are also shown in the left
portion of Figure 5, the former referred to as "high* and, the
latter as 11644. For comparison, the schedule which the military
AGV must meet is shown by the stippled area in Figure 5. This
schedule was taken from the pertinent military specification
issued by the U.S. Department of Defense (7). Application of
equation (1) for the 60 degree seat back angle results in:

P_ 1.06 (G -1) (3)

Equation (3) is represented by the middle curve in the right
portion of Figure 5. Again, curves with 25 percent greater and
lesser gradients are shown above and below the middle level
gradient curve. No official publication specifies AGV outlet
pressures for any body position other than upright.
Bioinstrumentation and Safety Lighting in the centrifuge
gondola was subdued an-iZ aclosed-circuit, low light level video
camera provided continuous viewing of the subject's, head on video

S. ..: 11
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-•I monitors used by the centrifuge operators and project personnel.
Two-way oral communication with the subject was maintained
throughout the runs. Strip-chart recordings of applied G, mean
and pulsatile blood flow velocity, displacements of the LED pairs
on the light bar, SCAG valve outlet pressure, electrocardiograms,
and heart rate were made; this information and the verbal
communication with the subject were also recorded on magnetic
tape. Intermittent blood pressure measurements were recorded on
-paper tape by the medical monitor. Applied G and heart rate were
presented continuously on LED displays for viewing by project
observers, and an audio rendition of Doppler transceiver output
was broadcast during each acceleration run.
Procedure After the subject was seated and restrained in the
gondola, and the bioinstrumentation, visual light bar,
communications, G-protective system, and safety systems checked
for proper function, the gondola door was closed and the
centrifuge arm was activated. Before and after all acceleration
runs, the arm continued to turn slowly, applying 1.03 G as a
baseline acceleration. An initial plateau level of 2.5 G for the
upright, and 3.5 G for the supine body position was selected for
the first ride for each subject. Subsequent plateau starting
levels depended upon consideration of the particular subject's
past performance.

The acceleration profiles, for each set of conditions shown
in Table 2, consisted of haversine-shaped onsets-and offsets of
acceleration over time, lasting 2, 4, or 8 s, with 15 s plateaus
interposed. The subject began controlling the peripheral lights
15 s before the onset of the acceleration profile; a 5 s countdown
preceded the beginning of G onset. For 15 s after the completion
of acceleration offset, the subject continued to control the
peripheral lights. If the subject successfully tolerated the
acceleration profile, the next run was made with the plateau
increased by 0.5 G. This procedure was repeated until the subject
was unable to complete the 15 s plateau period, that is, his
visual angle, as measured on the curved light bar, had contracted
to 60 degrees (or less). The procedure of determining the G
tolerance limit was repeated three times per day per subject, each
time with a different combination of independent variables, as
shown in Table 2. Rest periods of at least 1.5 min separated
successive runs. Runs were repeated in cases where subjects:
inadvertently lessened their pull on the side-arm controller,
thereby allowing the LED pairs to converge to the 60 degree
position and automatically stop the run.
Calculation of G tolerance The following formula was used to
calculate to'erance:

G - + 0.5 (T - 0.5To/To + 15) (4)

where,

G - G'tolerance (G)
GIS - highest G plateau tolerated for 15 s (G)
T -- Duration of exposure to highest G plateau from its starat -

1.03 G to PLL (peripheral light loss endpoint) (s)
T o onset timeof G profile for which T wans measured (C)
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In essence, this formula assumes a symmetrical S-shaped onset of
the G-time profile, adds one-half of the onset G-time 'to the
plateau G-time until PLIL occurs, and then uses this value to
determine the proportion of the 0.5 G step increase between
successive runs to be added to the highest G plateau tolerateid-for
15 s. This procedure differs slightly from that used by Crosbie
(4), who utilized the complete -G-time profile, including the
entire G-time onset segment, in:determing the proportion of the
0.5 G step increase to be added to the highest plateau tolerated
for 15 s. Since Crosbie was concerned with only 3 s onset times,
his calculated G tolerance values are 0.04 G greater than those

I calculated by using equation (1). However, for longer onset
times, a more appreciable discrepancy would result if the entire
onset time (.09 G for the 8 s onset time used in the present
study) were included in calculating G tolerance.
Comfort Assessment The subjects were required to evaluate and
report AGS comfort following each run for which a tolerance
threshold was determined. In order to assist the subject in
-rating AGS comfort, a copy of the. numerical scale and adjective
equivalents was installed within the subject's view iniide the
gondola. This scale extended linearly from 0 to 100 with the
following equivalents: 0, very poor; 25, -poor; 50, fair-; 75,
good; 100, excellent. Following the completion of the threshold
determining run, the subjects- made a numerical rating of AGS
comfort and commented upon any particular aspects relating to
comfort which they believed to be pertinent., These reports were
entered, on the form shown as Figure 6- by the project officer.
Experimental Design The overall scheme, showing the order and
condition combinations for each series of runs leading to a G
tolerance threshold determination is shown in Table 2.- A table of
random numbers was -used in formulating the order, in which
condition ,combinations- were imposed. Two -to five separate runs
were required per subject to arrive at the tolerance endpoint for
each combination of conditions. Each subject rode the centrifuge
-once per day, in accordance with the schedule shown in Table 3.
Occasional deviations fromt the scheduled -order shown in Tables 2
and 3-were necessitated by events over which-the investigators had
-no control.

RESULTS

G.tolerance The G -tolerance means and their standard errors
-- or the group of six tubjects are given ih Table 4. An analysis

.f v.ariance-using the 0riginal d4ata (Table 5) shows the4 significant- factors to-.be BodyPosition, -Valve Outlet Pressure,
_Mand G. Onset Time.

i... Body:Poiitibn: As expected, this factor had the most drastic
o• f effect on G tolerance. As -shown 'in -Figure 7, the mean upright
toierance. of the group of xubjecti was increased from 3.13 + 0.10
4 (variation about the mean is expressed in this report as
standard: error• to 4.84 + 0.16 G when the body position was

--changed- -from upright to supine, without inflation of the AGS
Ibladders., ThIs change in body positions therefore resulted in an
inorease -of',about 53 percent in G tolerance. When the AGS

Sbladder6 were inflated, mean G tolerance increased from- 4.30 +

-17
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DATE

'NAM

RATE THE COMFORT OF THE ANTI-G SUIT AFTER EACH G THRESHOLD RUN.

VERY POOR FAIR GOOD EXCELLENT
POOR

FIRST
-• THRESHOLD

RUN 0 25 50 75 100

COMMENTS:______________________

VERY POOR FAIR GOOD EXCELLENT
POOR

SECOND
THRESHOLD
RUN 0 25 50ý 75 100

COMMNTS:

I ' o_ __ _ _ _ _ _ __- -
VERY POOR FAIR GOOD EXCELLENTii, POOR

TIRUN 0 25 50 75 100
I__ _____,,________________,_

- Figure 6 -Form used to rite AGS cormfort following .each G-toler-ance
S~thrýeshold limi t runi.' !a

S...... NnlI I llli~ IIln ]I l l
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Table 3. Daily Order of Subject Exposure Riding DFS-

Dayl1 Day_ 2 Day DaDy5 Da_6_a

SI S5 S2 S3 S4 S6 S3

S2 S4 S3 S5 S6 Si S5

S3 $6 Sl S2 55 S4 S2

S4 Sl S5 S6 S2 S3 S6

S5 S3 S6 S4 S1 S2 S4

s6 S2 S4 Sl S3 S5 S1

Day,8 Day 9 Day 10 Day ii Day 12 Day 13 Day 14

Sl S6, S4 S2 s5 S3 Sl

S2 Si S6 S3 $4 S5 S2

S3 S4 S5 Sl S6 S2 S3

S4 S3 S2 S5 Sl s6 S4

S5 S2 Si S6 S3 S4 S5

S6 5 S3 S4 S2 Si S6

19
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0.06 G (upright) to 6.24 + 0.10 G (supine), an increase of 45
j percent. It is therefore apparent that supination produces a

quite significant increase in G tolerance, whether the AGS
bladders are inflated or not.

Valve Outlet Pressure: This factor was second in importance
with respect to affecting G tolerance, and from the viewpoint of
practical application, was of primary interest. In general, as
shown in Figures 7 and b, the greater the valve outlet pressure,
the greater the G tolerance for both the supine and upright body
positions. In Figure 7, the segments of the bars ascribed to AGS
bladder pressurization relate to the upright body position only,
while the segments ascribed to supination include an interactive
factor as well. Assuming the G protection (G tolerance with an
inflated AGS and/or the supine body position minus upright G

- tolerance without AGS inflation) afforded by supination alone to
be represented by that measured when no pressure was fed to the
AGS bladders, Figure 7 includes additional protection of 0.22,

A 0.27, and 0.31 G as part of supination for, respectively, low,
-medium, and high valve outlet pressures. Protection afforded by
some sort of synergistic effect, when two or more G protective
techniques are simultaneously applied, is further discussed later
in this report.

Paired t-tests were made to compare the differences in G
tolerance for the three levels of SCAG valve outlet pressure
across all other independent variables (subject, body position,
SCAG valve mode of operation, and G onset time). The results of
these tests are shown in Table 6. The null hypothesis tested here
was that the mean difference in G tolerance for any two levels of
SCAG valve outlet pressure was equal to zero. As shown by the
entries in the table, the null hypothesis was emphatically
rejected for all three possible comparisons. These findings
therefore lend support to the proposition that the levels of SCAG
valve outlet pressure used in this study were associated with
distinct differences in Gtolerance.

Based on a- linear, first order model to describe the
Srelationship between G tolerance and SCAG valve outlet pressure,[ and using the method of least squares, estimates were made of the

1mmmslope and Y-intercept of the fitted straight lines for the upright
and supine body positions (Figure 8). The means of G tolerance
for the B and I modes ("Mode" was shown in Table 4 to be a non-
significant factor as a variation source) were combined with G
tolerance values for the no valve outlet pressure conditions to
construct the analysis of variance summarized in Table 7. The
residual sum of squares was divided into "pure error" and "lack of
fit", the latter with respect to fitting the data to the linear
model. The fact that the ",lack of fit"' mean squares for'both body
positions were not significant indicates the adequacy of the model
and substantiates the use of the residual, mean square to evaluate
regresion as the source of variation (5). As shown in the table,
overall regression was 2a, very highly siqnficant source of
variation. The maximum R obtainable with ihese data was about
'50 percent for ?he upright case and 38 percent 2or the supine.
The values of R actually attained by the fitted model have
almost the same values, thereby accounting for 96 percent
(upright) and 99 percent (supine) of the fit.

24
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•• 71

6-
SUPI'

iliiili• 5 / '=4 •84 + 1.311

o UPRIGHT

Y=3.1•+0.79X
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I _ _ _ __ _ _ _ _

"•!•0 1• 2

=* = PRESSURE GRADIENT (pSi0/0)

Ii Figure 8. Best fit regression lines for G-tolerance on SCAG
valve outlet pressure gradient (psig/G).
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Table 6. Comparisons of G Tolerance Differences for SCAG Valve
Outlet Pressures Across All Other Independent Variables

SCAG Valve Outlet Pressures

Medium High

- = 0.24 D = 0.56
s5 = 0.06 s5 - 0.07

Low t = 4.09 t - 7.44
p < .001 p < .001

D = 0.25
sb - 0.06

Medium t = 4.03
p< .001

Abbreviations: D = mean difference in G tolerance between higher
lower SCAG valve outlet pressures
standard error of the mean difference,

t = value of paired t-test (two-tailed) for 71
degrees of freedom

p = probability of t value

--I
ii
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Table 7. Analysis of Variance Showing Regression of G Tolerance
on SCAG Valve Outlet Pressure

UPRIGHT

Source df Sum of Squares Mean Square F P

- Regression 1 22.077 22.077 64.58 <.001

Residual 70 24.272 0A342

Lack of Fit 2 1.035 0.527 1.54 NS*

Pure Error 68 23.237 0.342

J Total (corr.)71 46.349

M x. R2 _ (46.349 - 23.237)j46.349 = 0.499
R' attained by fitted model - 22.077/46.349 - 0.476
0.476/0.499 x 100 - 96% explained

SUPINE

Regression 1 30.333 30.333 42.73 <.001

Residual 70 49.692 0.710

Lack of Fit 2 0.260 0.130( 0.18 -NS

I Pure Error 68 49.432 0.727

_ Total (corr.)7J1 80.025

IMx. R2  (80.025- 49.432)/80.025 - 0.382
-R- attained by fitted model - 30.333/80.025 - 0.379
0.379/0.382 x 100 - 99%, explained

*NS indicates not significant .(p:.05)

I! 27
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Inferences about the two parameters ('slope and Y-intercept)
of the model were made for both the upright and supine body
positions (5). Table 8 summarizes the pertinent information.
Although the 95 percent confidence intervals of the upright and
supine Y-intercepts do not overlap, those of the two slopes
overlap slightly. A t-test 'to evaluate the hypothesis of no
difference between slopes yielded a value of 1.8986 for 140
degrees of freedom, just short of the value of 1.96 needed for
rejection of the hypothesis at the p - .05 level. As shown in
STable 6, the hypotheses were rejected that both parameters were
equal to zero.

G Onset Time: Table 4 contains data showing the effect of G
onset time. For the condition of no AGS bladder pressure, one way
analyses of variance were made to evaluate the effect of G onset
time on G tolerance; these are shown in Table 9 for the upright
and supine'body positions. For both these body positions, G onset
time is not, significant. Note the much greater variance present
when the subjects were supinated. This information is also
evident from examining Figure 9. Analyses of variance were also
made for the effect of G onset time on G tolerance when the AGS
bladders were inflated. Data entries for the upright body
position-were the means of B and I mode values, while data entries
for the supine body position were- the individual values (Table
10). Again, for both body positions, G onset time is not
statistically significant. However, because the: F value for the
supine body position does approach the value necessary for
significance at the p - .05 level (3.10), paired t-tests
were made on this data. Comparing .G tolerance for 2 and 8 s G
onset times, a value' of t 3 s - 4.19 was calculated, with
p < .001. Comparing 4 and 8 s 3 onset times, t. - 2.22, with
p < .05; for 2 and 4 s G onse-t times, t 5 -1.82, with .05 <
p < .10. Therefore, when, the G onset t Lines were separated by
only 2 s, apparently there was no difference in mean G
tolerance. Doubling, the, difference in G onset time produced a
significant decrease in mean G tolerance, and tripling -the
difference caused -a very, highly significant decrease in mean G
tolerance. The relations between G tolerance and G onset timesI !are shown in Figure 9.
AGS Comfort Assessment 'Mean AGS comfort scores for each subjectIare shownin Table 11. Paired t-tests Showed no significant
difference in mean AGS comfort scores between' Modes B and- I in the
upright body position (t c - 0.21, p > 0.8), and in the supine
body position (ts - 1.45, -0.2 < p < 0.5). The difference in mean
comfort scores for -the upright and supine body positions was also
evaluated using the paired t-test and found to be non-significant
(t, - 0.10, p >' 0.8). The overall mean comfort scores of the
subjects, shown in Table 11, were then subtracted from their
individual comfort scores to obtain adjusted 'comfort scores. Mean
adjusted comfort- scores are presented in Table 12 for the
conditions of thii study.. To-way analyses of variance: were- made] on the- adjusted comfort scores to determine the relative effect of
AGS bladder pressure and G onset time. The results of these
analyses for each of the subjects are. shown in Figure 10. While
AGS bladder pressure played a statistically -significant role with,

-j9 -28
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Table -8. Inferences about Two Model Parameters, B0 and 01a , for
the Regression of G Tolerance on SCAG Valve Outlet
-Pressure

Body Position

-Upright Supine

95% C.I.b 2.8401 _5 so _S 3.3645 4.4641 S B00 S 5.2147
* 0.5908 01 : S 0.9864 0.9086 :S B01 _ 1.7098

H0 : Bo = ou 2 3 . 6 6 3 6 d 25.7964

H0 : 01 -0 7.9721 6.5362

s o0 and 'Bi are the model parameters for b0 , the Y-intercept, and
bl, the slope, of the linear regression curve.

b Confidence Interval

c The null hypothesis that the parameter equals zero.

d -Calculated value of t. The value of t for 70 degrees of freedom
at the p = .05 level is approximately 2.

129,

2!-'
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Table 9. Analyses of Variance of G Tolerance for G Onset Times
without AGS Bladder Inflation

UPRIGHT

Source df Sum -of Squares Mean Square F P

G Onset Time 2 0.02 0.01 0.06 NS*

Error 15 2.88 0.19

Total 17 2.90

SUPINE

G Onset Time 2 0.30 0.15 0.29 NS

Error 15 1.69 0.51

Total 17 7.99

*NS indicates not significant (p>.05)
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Table 10. Analyses of Variance of G Tolerance for G Onset Times
with AGS Bladder Inflation

UPRIGHT

Source df Sum of Squares Mean Square F P

G Onset Time 2 0.19 0.10 0.22 NS*

Error 51 21.93 0.43

Total 53 22.12

SUPINE

G Onset Time 2 5.11 2.55 2.66 NS

Error 105 100.69 0.96

Total 107 105.80

*NS indicates not significant (p>.05)

I
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Table 11. Mean AGS Comfort Scores (N = 9)

SUBJECT

Upright
Mode 1* 50.33 47.56 56.11 70.56 68.33 62.78
Mode B 67.22 49.44 54.44 61.11 78.33 50.83

Supine
Mode I 67.78 46.67 57.78 66.11 51.89 55.56
Mode B 68.89 57.56 50.00 67.22 61.11 70.83

Mean 63.56 50.31 54.58 66.25 64.92 60.00

• Mode of SCAG valve operation. See text for explanation.

i3
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SUMMARY OF TWO - WAY ANALYSES OF VARIANCE

ON ADJUSTED COMFORT SCORES

UPRIGHT M3J Sup,

20- SOURCE: AGS PRESSURE

S10-

" " p = 0.05

I - U0 S1 S2 S3 S4 S5 S6
,SMJECTS

4- ,SOURCE: ONSET TIME

---------------------- 0.05

1!0 S S2 S3 S4 S5. S6•

! tigure 10. Relative effects of AG-S bladder pressure and G onset
S~time on adjusted comfort scores.
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respect to adjusted comfort scores for most of the subjects, G
onset time was not a significant factor for any of the subjects.

Mean adjusted comfort scores and their standard errors for
both body positions and for the three levels of SCAG valve outlet
pressure are shown in Figure 11. The zero point on the horizontal
scale corresponds to the overall mean comfort score of about 60.
This lies somewhat less than half way between the adjective
ratings of "fair" and "good". As expected, at the high levels of
AGS bladder pressure, discomfort increased and the scores were
accordingly reduced. The converse occurred with the low levels of
AGS bladder pressure.

A review of the comments made by the subjects regarding AGS
comfort revealed that after about one-third of the G tolerance
limit runs, adverse remarks were made. Following the other two-
thirds, AGS comfort was commented upon favorably or not mentioned.
Adverse comments were concerned primarily with "tightness" or
"pressure" of the AGS over those parts of the body situated under
the bladders. About 57 percent of adverse comments were made
after runs in the upright body position, and the remaining 43
percent after runs in the supine body position. Although only
about 29 percent of all the G tolerance runs were made with high

4I levels of AGS bladder pressure,, about 60 percent of these runs
were accompanied by adverse comments regarding comfort. Another
14 percent of the high pressure runs were rated poor or very poor
with respect to AGS comfort, with no additional remarks. About 13
percent of the adverse comments were made following G tolerance
runs where there were low AGS bladder pressures, and once when
there was no bladder pressure. The remaining 27 percent of
adverse comments followed runs with medium bladder pressures. The
adverse comments were not distributed equally among subjects. The
most vocally critical subject made almost three times the number
of adverse remarks as the least vocally critical. Discomfort
during high bladder pressure runs constituted about a third of the
comments made by two subjects, about half made by three subjects,
and about two-thirds made by the remaining subject.

DISCUSSION The results obtained in this study, and others like it,
depend to a great extent upon the individuals who volunteer to
participate as subjects. As expected, these persons differ
substantially in their physical characteristics and also show
considerable variation in G tolerance. Other factors which may
affect G tolerance, and which lie- entirely outside the purview of
the investigator, may originate from activities or behavior in
which the subject participates when he leaves the laboratory at
the end of the working day. Unfortunately, because of
expenditures- required to conduct human centrifuge tests and
because of limitations on the availability of qualified
subjects and of the centrifuge facility itself, the number of runs
devoted to any one study is necessarily quite limited. Thus, the
combination of intra-subject variability and limitations on the
amount of data which can be collected make it quite difficult to
"detect small differences in effects which may, nevertheless, be
present. For these reasons, the question of whether the small
increments in G protection resulting f rom the simultaneous use of

36
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the AGS and supination, as described earlier, are additive or not,
is of particular interest.

In a recent paper, Cohen showed that a simple additivity
model best predicted acceleration tolerance provided by
simultaneously combining various acceleration protection
techniques (2). In fact, when a combination of protective
techniques was used, a higher G tolerance was obtained than when
the G tolerance due to each of the several component protective
techniques in the combination were added, but the difference in G

, tolerance between the measured combined effect and the calculated
added effect was not statistically significant. Crosbie compared
G protection afforded by the SCAG valve and the standard anti-G
valve for upright subjects while relaxed or performing the M-1
straining maneuver (4). An analysis of his data shows a
pronounced difference in G tolerance resulting from the combined
effect of the M-1 maneuver and AGS bladder pressurization,
especially with the SCAG valve, but again, no statistical
difference can be demonstrated from the calculated sum of the
individual tolerance components.

Since the equipment and techniques used by Cohen and Crosbie
were essentially the same as those described in the present paper,
a similar analysis of the protection afforded at the various AGS
pressure levels was made for each of the subjects of this study in
the upright and supine body positions. As shown in Figure 12,
except for subjects 4 and 6, the others exhibited a higher G
tolerance for the combination of AGS and supination than when the
tolerances obtained separately for AGS and for supination were
added. For the two subjects mentioned, just the reverse was found
at all three AGS pressure levels. The mean difference for all
subjects showed a G protection advantage when a combination of
protective techniques was used, but this difference was not
statistically significant at any of the three AGS pressure levels(for low- AGS pressure, t5 - 1.34, p > 0.2; for mediuTm AGS

pressure, t5 - 1.46, P> 0.1; and for high AGS?• •p ressure, t~s--l.09, p > 0.2).

Therefore, the~present dataconfirms what was found in the
previous two studies, cited aboveand supports the concept of the
additivity of G protective techniques. In any case, from the
practical viewpoint, there have been no indications that any one G
Sprotective, technique interferes with, or somehow diminishes the
effectiveness' of another employed at the same time. The least
Seffect observed-when two or more such techniques are combined is
additivity; the possibility that greater control and precision in
conducting acceleration studies may demonstrate a significant
synergistic effect is therefore primarily one of a more basic
interest.

Although the subjects who participated in this study were
repeatedly reminded to remain "relaxeda throughout the period of
acceleration runs, it is doubtful first, that the subjects were
actually relaxed,n and second, that their degree of relaxation
"reained constant from run to run. No matter how experienced a
Scentrifuge rider a subject may be, there can be little doubt that
the act of being strapped into a seat, being completely enclosed
and isolated in a gondola, and listening to the dialogue and
countdown prior to, an acceleration run lead to some apprehension
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and tension. In fact, as reported by Webb (6), and often
observed by others, there is a distinct increase in heart rate
which can be measured before the start of a centrifuge
acceleration run, and this increase is greater when the subject
anticipates his exposure to higher G levels. To even remain in

4 the upright or supinated body position at 1 G requires some degree
i t of muscular tension, which would be expected to increase

considerably with applied G. 'Probably the ultimate extent of
voluntary muscular tension is exerted when subjects perform the M-
1 respiratory maneuver during exposure to high G levels. None of
the subjects in the present -study was observed to have performed
this maneuver, although normal respiratory and arm movements were
modified during G. No artifacts were seen on the ECG recordings
which could be ascribed unequivocally to muscular activity. It
appears, therefore, that although not completely relaxed during
the course of exposure to the G levels applied in this study, our
subjects maintained sufficient muscular tension to retain their
posture and to perform the rather precise wrist and arm movements
required to control the LED display which measured-peripheral
vision.

Equation (1) is based on the assumptions that the simple
hydrostatic model of the cardiovascular system is valid and that
the mechanism of G protection provided by the AGS remains

* unchanged when the body position is significantly altered by
supination. If these assumptions hold, then the degree of
protection afforded by the AGS when pressurized in accordance with
equation (1) should be the same for both body positions. In order
to test this hypothesis, a comparison was made, using the paired
t-test, between AGS protection (G tolerance using the AGS minus G
tolerance without AGS inflation, for each set of corresponding
experimental conditions) in. the supine and upright body positions
for each of the outlet pressure levels. Table 13 shows the

- results of this comparison. Since none of the t values calculated
is statistically significant, the hypothesis of no difference in G
protection between the supine and upright body positions cannot be
rejected. Therefore, the data obtained in this study are
consistent with the application of equation (1) for determining
AGS bladder pressurization, at least where the seat back angle
equals 15 degrees and 60 degrees.

As explained earlier', the end result of using what is
referred to here as the B mode of SCAG valve operation was to

l decrease the lag in AGS abdominal bladder inflation by several
hundred milliseconds, as compared to the I mode. Under the
conditions of the tests as described, this small difference in
timing of abdominal'bladder inflation had no discernible effect on
G protection nor on.AGS comfort. In this connection, it should be
noted that the maximum mean G onset rate (calculated 'by dividing
the difference between plateau and-baseline G by G onset time) was
1.75 G/s in the upright body position and 2.75 G/s in the supine
body position. These G onset rates, while rapid, may have been
insufficient to demonstrate the added. protection that earlier
inflation of the abdominal bladder may provide. Preinflation of
the AGS, i.e., bladder inflation before the onset of applied,G,
has been used to reduce the volume of air required'to fill the
bladders, and hence shorten bladder filling time. Thus, a
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Table 13. Comparison of AGS Protection in the Upright and
Supinated Body Positions

AGS Inflation Supine minus Upright Paired t-test
Pressure G Protection

Mean SEM t df P

Low 0.22 0.16 1.39 17 NS*

Medium 0.27 -0.15 1.81 17 NS

High 0.31 0.19 1.68 17 NS

*NS indicates not significant (p>.05)
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recently developed anti-G valve used by the U.S. Air Force,
designated- HFRP, allows for the use of 0.2 psi at 1 G for
preinflation (1), and a preinflation pressure of only 0.05 psi
has been shown to be effective with the SCAG valve in decreasing
the lag in bladder pressurization with the- onset of G (2).
Because some pilots object to having their AGS even partially
inflated at 1 G, this procedure was not followed inr this study.
Since the lag in bladder inflation between the B and I modes
caused no detectable differences in the dependent variables, it is
doubtful if changes due to preinflation would have been
significant.

4 Selection of the low and high levels of SCAG valve outlet
pressures was arbitrary. It was desired to have sufficient

4I differences from -the medium level to obtain observable changes in
the dependent variables, without incurring pain in the high level
case or totally ineffective G protection in the low level case.
The interactions of SCAG valve -outlet pressure with G onset time
and mode of valve operation were unpredictable. A review of the
literature dealing with AGS bladder pressurization levels failed
to provide much guidance, because of rather marked -differences in
equipment and techniques used by the various investigators.
However, it appears from the mean adjusted comfort scores that
serious pain was avoided with the high pressure levels, although
considerable discomfort was experienced at times, especially in
the supine body position. The medium pressure level was evidently
close to what the subjects experienced as adequate comfort. For
the upright body position, the medium level was somewhat greater
than the upper limit of valve outlet pressure allowed in the
military specification (see Figure 5). The low SCAG valve -outlet
pressure was -the one which overlapped, to the greatest extent,
with the pressure range prescribed in the military specification.

V ~If the adjusted comfort score of zero, which in Figure 13.
appears reasonable for the- upright body position, is also accepted
for the supine body position, then it would seem that a slightly
greater bladder pressure could have been used for the middle
level, supine body position. The large swings in comfort seen for
the high and low AGS bladder pressures for the supine body
position may be an indication that the selection of 25- percent of__•~ii ostion middl leel pnidrtontaeh slcinof ecn or
•mm the middle level pressure gradient could have been reduced by 5-or
10 percent in determining the low and high pressure gradients to

i apply. Of course, if this were done, then differences in G
tolerance due to these reduced pressure gradients would be more
difficult to detect.

'The relevance of AGS -comfort ratings and comments to- the
situation in- actual aircraft flight is probably debatable. In the
laboratory situation, the subject has the task of concentrating on-

*...how the AGS feels, and he is therefore-probably more critical in
his evaluation than a pi-lot would be, especially if the latter
were preoccupied with executing a series of air combat maneuvers.
This problem -can only be resolved by flight testing the SCAG'valve
under controlled conditions which- are designed to duplicate
operational aircraft maneuvers of interest. Fortunately, the SCAG
valve can be readily programmed to produce a variety of outlet
pressure responses, and it is -contemplated that such flight tests

Will commence in the near future.1~ ______42
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SUMMARY G tolerance was increased when relaxed subjects riding
a centrifuge were supinated (seat back angle of 60 degrees), as
compared to when they sat upright (seat back angle of 15- degrees).
When wearing an anti-G suit (AGS) with inflated bladders, G
tolerance increased in both the supine and upright body positions.
These increases were linear with increases in AGS bladder
pressure. Changing G onset time by a factor of two and four
showed a consistent effect only for the supine body position with
AGS bladder inflation: G tolerance decreased as G onset time
increased. Changing the mode of operation of a recently designed
servo controlled anti-G valve regulating AGS bladder pressure had
no effect on G tolerance nor on AGS comfort. Comfort was also
unaffected by G onset time, but high AGS bladder pressures reduced
AGS comfort scores and elicited adverse comments. Results of this
study supported the hypothesis that G protection -provided by
simultaneously applied anti-G techniques is additive. They also
were compatible with the hydrostatic model of the circulatory
system with respect to the pressure in the AGS bladders required
to provide G protection when body posture was changed.

4
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APPENDIjX A

Definition of Acceleration Figure 13 illustrates the components
of accelertion and the terminology as used in this report (8).
Three mutually perpendicular accelerations, shown as •At, Av, and
An, act on the subject when he rides the DFS,: At, the
tangential acceleration, is proportional to the angular
acceleration of the DFS arm, and is therefore of significance
whenever the angular velocity of the arm changes; Av, the
downward acceleration due to gravity remains unchanged at 1g
before, during, and after the centrifuge run; Ar, the
centrifugal acceleration, changes as the square of the angular
velocity of the arm, and tends to displace the subject's body and

tits contents f ootward, when the subject rides with his head
directed toward the center of arm rotation. The resultant
acceleration, G, is what is referred to as "GO or acceleration
n tis reor ----

' 763 the subject is seated Oupright" (seatback angle 15
degrees), before the centrifuge arm is turned as well as after: it
comes to rest, only A, acts on the subject, and therefore he is
subjected to 1 G. Since this acceleration is applied essentially
-along the 'long axis. of his spine, the inertial loading he
experiences is 1 Gx (by definition). By manipulation of the DFS

. gimbals, the G applied to the upright-seated subject during the

[ 44
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Figure 13. ,Diagram showing G nomenclature.
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acceleration profile is maintained parallel to the long axis of
his spine, resulting in a Gz inertial loading which is numerically
equal to G. When the subject is placed in the supinated body
position (seatback angle - 60 degrees), before and after rotation
,of the centrifuge arm, only A acts on the subject and -he is
therefore -subjected to I G. Jowever, because only a fraction
(about 70- percent) of AV is:-directed parallel to his spine, h•
experiences a head-to-foot inertial load of about 0.7 Gz.
During the acceleration profile, when the -centrifuge arm is
rotating, the subject is positioned by the DES gimbals to
experience a Gz inertial load which continues to be approximately
70 percent of the applied G. The distinction between the

- resultant acceleration, G, and the head-to-foot inertial load- (Gz)
it produces, cannot be neglected.

1 The actual fraction depends on several factors, including the
anatomical arrangement of the subject's cardiovascular tree.

I-4

-- --_-,-

.. . . -- v-------' ;-- -.-- s--*S46,



; ~ ~ ~ ~ ~ ~ ~ . .6•,, , I I h

D I S TR I B U T 10 N L I S T (Cont d)

No. of Copies

Royal Air Force Institute of Aviation Medicine,
Farnborough- U.'K.

Defense & Civil Institute of Environmental Medicine,
Downsview, Canada ............ ......................

German Air Force Institute of Aerospace Medicine,
Furstenfeldbruck, West Germany ...................... 1

SInstitute of Aviation Medicine,, Oslo, Norway .......... I
Commander, Naval Air Development Center ................ 3

1 (3 for Code -8130)

iiiip

Il~ii4
_1.

- • ..............._

":-=:N_1



DISTRIBUTION LIST
REPORT NO. NADC-84021-60

No. of Copies

Director, Defense Technical Information Center ........ 12
Commander, Naval Air Systems Command .................. 10

(4 for NAVAIRDEVCEN Liaison Office)
(3 for AIR-320R)
(2 for AIR-310H)
(1 for AIR-531B)

Chief of Naval Material ................................ 2
(1 for MAT-05)

Commanding Officer, Naval Medical Research &
Development Command ......................... e....... 2

(1 for NMRDC-44)
Chief, Bureau of Medical & Surgery 2................... 2

(1 for NM&S 3Ci)
Chief of Naval Operations .............................. 3

(1 for NOP-05H)
(1 for NOP-09E)

Chief of Naval Research ........................ 5
(1 for ONR-440)
(1 for ONR-441)
(1 for ONR-441NP)
(1 for ONR-442)

Commander, Naval Safety Center ..................... 1
Commanding Officer, Naval Aerospace Medical Research

Laboratory .......................... e........ 1
Superintendent, Naval Postgraduate School ............. 1

H* Commanding Officer, Naval Health Research Center 1
Commanding Officer, Naval Personnel Research &

Development Center .. ............ . ............. 1
Commander, Naval Air Test Center ...................... 1
Commanding Officer, Naval Biodynamics Laboratory ...... 1
Commanding Officer, Naval Submarine Medical Research

Laboratory 1
Commanding Officer, Naval Training Equipment Center ... 1
Air Force ,Office of Scientific Research (AFSC)/NL ..... 1
Air ForceAerospace Medical Research Laboratory ...... 2'

; U.S. Air Force School of Aerospace Medicine ........... I
U.S. Army Aeromedical Research Laboratory 1 1
FAA Civil Aeromedical Institute ....................... 1I NASA Ames Research Center 2....................... ....
NASA Johnson Space Center ........... ........ ....... 1
Dr. Bruce A. Eisenstein, Head Department Electrical &

Computer. Eiigineering and Dr. Banu' Onaral, Drexel
University 2............. .................... ..... 2

Dr. Dov Jaron, Director Biomedical Engineering'&SScience Institute, Drexel University ......... ... 00..o* 1
Dr. Steven Dubin, University Veterinarian, Drexel

University 1
Dr. P. K. Bhagat, Wenner-Gren Research Laboratory,

University of Kentucky ............... o.............. 1

L_


